The malaria vaccine BK-SE36 is a recombinant protein (SE36) based on the Honduras 1 serine repeat antigen-5 of Plasmodium falciparum, adsorbed to aluminium hydroxide gel. The phase Ib trial in Uganda demonstrated the safety and immunogenicity of BK-SE36. Ancillary analysis in the follow-up study of 6-20 year-old volunteers suggest significant differences in time to first episodes of clinical malaria in vaccinees compared to placebo/control group. Here, we aimed to get further insights into the association of anti-SE36 antibody titres and natural P. falciparum infection. Children who received BK-SE36 and whose antibody titres against SE36 increased by ≥1.92-fold after vaccination were categorised as responders. Most responders did not have or only had a single episode of natural P. falciparum infection. Notably, responders who did not experience infection had relatively high anti-SE36 antibody titres post-second vaccination compared to those who were infected. The anti-SE36 antibody titres of the responders who experienced malaria were boosted after infection and they had lower risk of reinfection. These findings show that anti-SE36 antibody titres induced by BK-SE36 vaccination offered protection against malaria. The vaccine is now being evaluated in a phase Ib trial in children less than 5 years old.
1
. RTS, S, a P. falciparum pre-erythrocytic vaccine, was the first malaria vaccine given a positive scientific opinion by European Medicines Agency (EMA) Committee for Medicinal Products for Human Use 2 . However, vaccine efficacy figures are below anticipated goals with only moderate to modest efficacy [3] [4] [5] and constrained by allele-specific immunological protection in 5-17 month-old children 6 . Additionally, some safety concerns resulted in recommendation for pilot implementation before further rollout 7 . An asexual blood-stage malaria vaccine that prevents disease, thus, remains highly desirable.
To date, no blood-stage vaccine candidate has been evaluated in a phase III trial 8 . Majority of those that completed either phase IIa or phase IIb trials are merozoite surface antigens. Apical membrane antigen 1 (PfAMA1), merozoite surface protein 1 (PfMSP1) and Combination B (MSP1, MSP2 and RESA [ring stage erythrocyte surface antigen]) were not effective to prevent clinical malaria in phase II trials but did show strain-specific reduction in malaria infections (PfAMA1, Combination B) or delayed significantly the length of the prepatent period Scientific RepoRts | 6:34363 | DOI: 10.1038/srep34363 after sporozoite challenge (PfMSP1) (reviewed in refs [8] [9] [10] . A 3D7 based adjuvanted AMA1 (FMP2.1/AS02A) had efficacy against clinical malaria for the homologous parasite (64.3%) but only 17.4% efficacy overall in a phase II study 11 . MSP3 long synthetic peptide with aluminum hydroxide adjuvant showed clinical protection in a phase I study (incidence rates of 1.2 [15 μ g dose] and 1.9 [30 μ g dose] cases of ≥ 5,000 parasites/μ L per 100 days compared to 5.3 cases for the control 12 ); but a multicenter phase II trial for GMZ2/Alum (combination of glutamate-rich protein [PfGLURP] and MSP3) reported a low protective efficacy (age and site-adjusted per-protocol analysis of vaccine efficacy was 13.6% [95% CI, 3.6-23%]; efficacy against severe malaria = 27% [95% CI, − 44-63%] 13 that does not justify further clinical development of the same vaccine formulation. Several novel candidates are also being explored (e.g. non-merozoite surface antigens trophozoite exported protein 1, Tex1; schizont egress antigen-1, SEA-1, etc.) and recent efforts are geared for second generation multi-allele (e.g. iterations of MSP1, erythrocyte binding antigens or evaluation of 'diversity covering' [DiCo] strategy for AMA1), multi-antigen vaccines with improved antibody delivery platforms (e.g. use of virus like particles for reticulocyte-binding protein homolog 5 [RH5] ; epitope specific approaches) for possible combination of blood-stage antigens towards development of multi-stage malaria vaccine [8] [9] [10] . Plasmodium falciparum serine repeat antigen 5 (PfSERA5) is a blood stage antigen abundantly expressed on the merozoite surface 14, 15 . The 120 kDa protein belongs to the SERA protein family and is processed into 47, 50, 6, and 18 kDa domains upon schizont rupture. Growth inhibition and antibody dependent cellular inhibition assays with antibody against the N-terminal domain demonstrated the antigen's capacity to limit red blood cell invasion and/or growth in vitro [16] [17] [18] [19] . In epidemiological studies, correlation between high anti-N-terminal domain antibody levels and low fever and reduced parasitemia 14, 20, 21 ; as well as limited polymorphism of PfSERA5 22 suggest that this antigen is a promising vaccine candidate. SE36, the recombinant N-terminal domain of PfSERA5 without polyserine repeats was expressed in Escherichia coli and formulated with aluminium hydroxide gel as BK-SE36 14, 15 . We conducted phase Ia clinical trial in Japan and phase Ib clinical trial in Uganda for BK-SE36 14, 23 . In both trials the vaccine was deemed safe and had acceptable reactogenicity. All malaria naïve healthy Japanese adults who received BK-SE36 responded to the vaccine resulting in 100% seroconversion 14 . In the phase Ib Ugandan trial, pre-existing anti-SE36 antibody, acquired as a result of natural infection, influenced seroconversion especially in older cohorts 23 . Those who received full dose BK-SE36 had a higher antibody response than those vaccinated with half dose, but only those in the younger age cohorts (6-10 year-old children) had greater than 2-fold increase in antibody titre. The precise mechanism of how antibody titres modulate immune responses remains unclear. Suppressed immune response (either through immune tolerance or immune ignorance) was also observed in semi-immune adults with high baseline antibody titres in the MSP3 phase Ib trials in Burkina Faso 24, 25 . During the follow-up/longitudinal study after the phase Ib trial, it was observed that BK-SE36 afforded some protection against symptomatic malaria 23 . In order to gain further insights into the immune response to BK-SE36, we correlated changes in anti-SE36 antibody titres and observed malaria incidences during the one year longitudinal study post-second vaccination.
Assessing the persistence of vaccine-induced immune response and potential boosting by natural infection is important to understand the acquisition, maintenance and longevity of the immune response; however, much of the studies on antibody maintenance and boosting as a result of natural infection were observational with only a handful carried out in vaccinees (Supplemental Table S1 ). With regular/monthly blood samplings for anti-SE36 antibody titres coupled with monitoring for malaria infection throughout the follow-up period, we were able to see the dynamics in antibody titre changes in our volunteers. A blood-stage vaccine should be able to reduce disease episode, i.e., infections and symptoms may occur in vaccinees but less often and/or with less severity. Results reported here provide further proof that BK-SE36 can reduce parasitemia and subsequent clinical malaria; and that the antibody response in BK-SE36 vaccine responders can be boosted by natural malaria infection.
Results
Categorising response to BK-SE36 vaccination. In the trial volunteers aged 6-20 years-old, antibody responses to BK-SE36 vaccination can be differentiated into two: one group of vaccinees that had considerable antibody response, and the other group of vaccinees that did not have an obvious increase in their anti-SE36 antibody titres 21 days post-second vaccination. When categorizing the effect of vaccination on antibody response, the ELISA data for antibody titres on Day 0 and 42 were used 23 . The distribution of the resultant fold increase in antibody titres in vaccinees and placebo is shown in Fig. 1A . The vaccinated group had up to 39.5-fold increase while the maximum fold increase in the placebo group was 1.51. At a cutoff point which is derived from the upper bound of the 99% confidence interval (CI) of the fold increase in the placebo group, vaccinees were broadly classified as responders (≥ 1.92-fold increase in antibody titre) or non responders (< 1.92-fold increase). 99% CI was calculated as average fold increase ± 2.58× standard deviation of logarithmic-converted fold increase values. Notably, more than half of the vaccinees in the youngest cohort are responders (Fig. 1B) . Children aged 6-10 years old that received full dose of BK-SE36 (1 ml) had higher fold increase in antibody titre compared to halfdose group (0.5 ml) (Fig. 1B) , suggesting a dose-response effect.
Antibody dynamics in responders during natural infection.
To address the question of whether the antibody response to BK-SE36 can be boosted by natural infection/reinfection, we applied the following analyses: (i) when parasitemia ≥ 100 parasites/μ l blood was observed at a scheduled visit, antibody titres one month before and one month after the recorded infection were compared; (ii) when parasitemia ≥ 100 parasites/μ l blood was observed during an unscheduled visit, antibody titres at the nearest monthly visit before infection and the succeeding monthly visit after infection were compared. The blood-stage parasitemia threshold (≥ 100/μ l) to define infection was based on the sensitivity limit for malaria detection in the field using microscopy 26, 27 . Parasite infection(s) that recurred within 28 days were counted as one infection. At the end of the follow-up period (Day 365), no child had malaria infection but there were those who experienced infections within 28 days prior to the end of the follow-up (n = 24) and, thus, to monitor antibody titre changes, titres one month following Day 365 were used for comparison.
Dynamics of antibody titre changes in responders that did and did not experience infection are compared in Fig. 2 . Generally a responder that did not experience malaria infection had a high geometric mean (GM) antibody titre 21 days post-second vaccination (314 units; 95% CI, 96.64-1020.0). Titres gradually waned by the end of the follow-up, although there was one responder that showed an increase in antibody titre from 130-365 days post-second vaccination but had no record of malaria infection ( Fig. 2A ). This child may have experienced asymptomatic infection or had parasitemia below the detection limit for microscopy. By Day 365, GM of the antibody titres in the responder group that did not experience infection was 102 units (95% CI, 24.16-430.4).
For the responder group that experienced malaria infection, GM of antibody titres at the start of the follow-up period was 62.8 units (95% CI, 42.86-92.01) (Fig 2B) . Antibody titres further declined until such time when these volunteers experienced malaria infection (GM before infection = 20.88 units; 95% CI, 16.38-26.63). However, after the first malaria infection, the antibody titres in this group of vaccinees increased to GM = 97.29 units (95% CI, 59.46-159.2). Nine of 11 children did not experience a second malaria infection until Day 365, suggesting that they were protected from further infection. By Day 365, GM of the antibody titres in the responder subpopulation that experienced infection was 54.19 units (95% CI, 31.47-93.34) (Fig. 2B) .
Supplemental Fig. S1 show the individual anti-SE36 antibody changes before and after malaria infection in responders, non responders and control. Most responders have greater than 4-fold increase in GM after infection compared to non responders and control (Responder GM before infection = 21. 
Fold increase in antibody titres after infection.
Factors that may influence antibody titre changes after infection in responder, non responder and control groups were determined. The dataset for comparison of fold increase in antibody titres post infection used all data from volunteers that experienced at least one P. falciparum infection during the follow-up period (Supplemental Fig. S1 ). Odds ratio was used to look for the association of fold increase in antibody titres after the first infection to responder status, age, GM antibody titre before infection and parasitemia level during the first infection (Supplemental Table S2 ). Crude and adjusted odds ratio for children whose antibody titre increased by more than 3.35-fold post infection showed that the considerably high fold increases in antibody titres post-infection were only obtained in BK-SE36 vaccinees and more so in the responder group. The 3.35 threshold was the 75 th percentile fold increase in antibody titre after first infection in infected volunteers.
This observation was robustly supported by looking at the GM of fold increases after first infection. GMs were significantly different among responder, non responder and placebo/control, following adjustment for age, antibody titre before first infection and parasitemia during infection (p = 0.005, Table 1 ). In responders, the GM of the fold increase in antibody titre after the first infection significantly increased by 3.3-fold (95% CI, 2.1-5.3) from the baseline (before infection). This 3.3-fold increase was 1.5 times higher than that observed in the non responder group (95% CI, 0.9-2.6), and 2.3 times higher than in placebo/control group (95% CI, 1.3-3.8). Antibody titre levels before the first infection had no significant association with fold increases in antibody titres after infection (p = 0.156). Age (p = 0.175) and parasitemia (p = 0.091) did not appear to be a major influence for the degree of fold increase in antibody titres before and after infection. Thus, Table 1 and Supplemental Table S2 show that the anti-SE36 antibody level induced by BK-SE36 vaccination is significant and independently associated with fold increases after the first infection.
Risk for reinfection.
From among 77 children who had at least one infection, 36 volunteers were infected more than once. The proportion of children that experienced more than one infection from the responder group (2/11; 18%) was in contrast to the number that experienced reinfection in non responders (12/26; 46%) and control (22/40; 55%). In Table 2 , responders had decreased odds to P. falciparum reinfection (0.2; 95% CI, 0.03-0.8), compared with non responders. Following adjustment for age, antibody titre after first infection and parasitemia, the corresponding odds ratio for reinfection in the responder group was 0.1 (95% CI, 0.01-0.5). Thus, the observed association of fewer reinfections in responders was robust and not influenced by age, antibody titre or parasitemia levels.
Discussion
Besides safety and immunogenicity of BK-SE36 23 , a follow-up study was also conducted in 6-20 years-old to be able to compare malaria incidences between BK-SE36 vaccinees and the control group 130-365 days post-second vaccination. We have previously shown that the immune response against BK-SE36 was higher in the youngest cohort (6-10 years-old) and that BK-SE36 confers some protection in follow-up volunteers. Here we looked in detail at the association of antibody response profiles in BK-SE36 vaccinees and malaria infection episodes.
Vaccine responders have significant fold increases in antibody titres after two administrations of BK-SE36. For responders who did not experience any P. falciparum infection during the follow-up period, their antibody titre levels were relatively high post-second vaccination. Analysis also indicates that their anti-SE36 antibody titres were significantly associated with protection against malaria infection. For responders who experienced infection, all of them had significant fold increases after vaccination but their relative antibody levels remained low. These children had titers that waned to much lower levels especially at a visit prior to recorded malaria infections. However, upon natural infection majority had more than 3.35-fold increase in antibody titre, suggesting the presence of immunological memory. Moreover, most of these children experienced only a single infection. It can be argued that fold increase only occurs when antibody titres are low prior to infection. As shown in Table 1  and Supplementary Table S2 , boosting is not biased by baseline antibody titres and that even with low antibody titres only a small proportion of children in the non responder (31%) and control group (10%) showed more than 3.35-fold increase in antibody titre. These responses show that natural boosting also occurred in both non responders and control group, but to a lesser extent (also see Supplementary Fig. S1 ). Fewer evidences of boosting in non responders and the control group may reflect the inherent low immunogenicity or acquisition of SE36 as observed in previous sero-epidemiological studies in malaria holo-endemic areas 14 .
Boosting of the immune response in BK-SE36 vaccinees was similarly observed in challenge infection studies using squirrel monkeys 14, 19 . Male squirrel monkeys immunised with BK-SE36 and challenged with homologous parasite (P. falciparum Indochina-1/CDC strain) had lower parasitemia than control monkeys and showed booster effects on antibody titres after infection in contrast to control monkeys whose anti-SE36 antibody titre was not induced even after challenged infection. In the follow-up study, although there were variations or between-person heterogeneity in vaccine efficacy and some children in the non responder and control group had increases in antibody titre post infection, only the responder group had lower number of observed P. falciparum reinfections. Thus, in BK-SE36 responders, natural infection can boost the immune response and this host immunity can be expected to suppress subsequent parasite growth that can lead to prevention or reduction in severe illness.
It remains to be elucidated whether induction of cell-mediated responses, aside from antibody responses, correlate with the observed protection. RTS, S, for example, induces high levels of anti-CSP antibody titres and CSP-specific CD4
+ T cells and both have been correlated with protection 28 . Also functional antibody studies will help to dissect further the association of anti-SE36 antibody titre and protection from malaria.
In the follow-up study, for ethical reasons, even asymptomatic children were cleared of any existing parasitemia using standard antimalarial drugs when infection was detected by microscopy, thus we were unable to examine antibody fluctuations relative to change in parasite density or length of infection. But based on the analysis, parasitemia does not appear to be a major influence for the degree of fold increase in antibody titre before and after infection. All the same, anti-SE36 antibody level induced by BK-SE36 vaccination is significantly protective against malaria infection and the induced antibody titres can be boosted by intermittent P. falciparum infections in the field. That some responders did not experience infection for a year suggest that it may be possible to have a higher protective efficacy if immune response can be further enhanced. Also based on these results, a double-blind trial for young children below five, who are expected to respond well to BK-SE36 vaccination, is underway.
Materials and Methods
Clinical trial and follow-up study. Serum samples and data of malaria incidence/parasitemia were obtained from stage 2 BK-SE36 Phase Ib clinical trial and follow-up study volunteers 23 . Ethical approvals for the trial, longitudinal study, and for blood samples to be taken and stored for use in future studies were obtained from Osaka University Research Ethical Review Board (Japan; RIMD 20-3; OU: 287), Research Foundation for Microbial Diseases of Osaka University Ethical Committee (BIKEN-IRC) (Japan), Med Biotech Laboratories Institutional Review Committee (MBL-IRC: IRB-00003990-MBL-BIOMEDICAL, IRB-00003995-MBL-BIOMEDICAL) (Uganda), and Uganda National Council for Science and Technology (UNCST HS 635, HS 866) 23 . Written informed consents were obtained from all volunteers (or in the case of children, their parents and/ or guardians) before screening and enrolment. The study was conducted in accordance with approved protocols and regulations. Details of both the clinical trial and follow-up study have been described previously 23 . Briefly, stage 2 of the clinical trial was conducted in healthy children and young adults aged 6-20 years (n = 84) after demonstration of the safety of BK-SE36 in stage 1 Ugandan adults (≥ 21 years-old). Three age cohorts (6-10, 11-15 and 16-20 years old) were randomised to receive either 0.5 or 1.0 ml of BK-SE36 or saline. In each age group, 22 received BK-SE36 (n = 11 for 1.0 ml or full-dose and n = 11 for 0.5 ml or half-dose) and 6 received saline (3 volunteer for 1.0 ml and 3 for 0.5 ml), for a total of 66 participants in the BK-SE36 group and 18 in the placebo group. Subcutaneous administration was done twice at 21-day intervals and antibody titres were measured for the serum samples collected on Day 0 (before 1 st vaccination), Day 21 (before 2 nd vaccination) and Day 42 (21 days after 2 nd vaccination). In the follow-up study (130-365 days post-second vaccination), to increase statistical power, 50 additional control children (age-, gender-, and as much as possible, locality-matched) were recruited and together with vaccinees had blood samples obtained monthly (28-day interval for active surveillance) or whenever sick (passive surveillance). The additional control group was evaluated in a screening activity that used the same inclusion and exclusion criteria as in the clinical trial. On a scheduled day matched vaccinee and control volunteer underwent the same routine assessments for vital signs, physical examination, monthly questionnaire and blood smear. Two vaccinees that received saline during the clinical trial were not included in the longitudinal study because of pregnancy and one had moved out of the study area.
Enzyme-Linked Immunosorbent Assay. Anti-SE36 antibody titres during the 130-365 days post-second vaccination were determined from anonymised serum samples using the standard procedure for enzyme-linked immunosorbent assay (ELISA) 14, 23 . Briefly, 0.3 μ g SE36 protein was coated on each 96-well flat-bottomed Nunc-Immuno plates (Nunc, Roskilde, Denmark). After coating overnight at 4 °C, plates were washed with PBS containing 0.05% Tween 20 (PBS/T) and blocked for an hour with 5% skim milk in PBS at 37 °C. Plates were again washed three times with PBS/T prior to addition of serum samples for 1 h at 37 °C. A serum pool from 10 Ugandan individuals with high anti-SE36 antibody titres was used as a standard and a malaria naïve Japanese serum was used as a negative control. Starting from a 100-fold dilution, serum samples from the follow-up study were added to eight wells in two-fold serial dilutions. After washing with PBS/T, horseradish peroxidase-conjugated anti-human IgG antibody (55220; Cappel ICN Pharmaceuticals Inc, Aurora, OH) diluted 1∶ 2,000 in 5% skim milk in PBS/T was added to the plates and incubated at 37 °C for another hour. Thereafter, plates were washed and incubated with 100 μ l freshly prepared citrate-phosphate buffer (pH 5.0) containing 0.2% hydrogen peroxide and OPD tablet (154-01673; Sigma-Aldrich Corp., St. Louis, MO) for 15 minutes. The reaction was stopped with 100 μ l of 2 M sulfuric acid and optical density was read at 492 nm. The high titer serum pool from 10 Ugandan individuals was used to generate a standard curve on each ELISA plate. A 5,000 unit value was assigned to this standard serum, derived from the reciprocal of its dilution where an absorbance of 1.0 was obtained at OD 492 . ELISA units of the test sera were calculated by comparing with the standard serum using a parallel line assay (Bioassay Assist software ver. 2.0.7).
Booster effect analysis. To look for correlations on antibody titre changes before and after natural infection, the start of the follow-up period (130 days post-second vaccination, when we had equal numbers of vaccinees and controls) was taken as the initial timepoint. Monthly titres were analysed for all volunteers. For boosting analyses, all titres < 15 units (relative to the 5,000 unit of the Ugandan standard) were assigned a value of 15 to avoid bias or misinterpretation for a significant antibody titre increase when the comparison/baseline titre is very low. The threshold value of 15 units was set as the lowest possible antibody titre based on the average of 104 independent measurements using the Japanese negative control sera plus 3x standard deviation.
Definition of blood-stage infection.
Parasitemia was recorded on the same day using thick and thin blood smears. Parasite count assumed a fixed white blood cell (WBC) count of 8,000/μ l and was expressed as the number of asexual parasites per microliter of blood. Volunteers that were blood smear positive during clinic visits were treated with antimalarial drugs (artemether-lumefantrine or dihydroartemisinin-piperaquine) as detailed in the protocol 23 . A slide was declared negative if no asexual parasites were found after counting 500 WBCs (gametocytes were found once during the follow-up period in 5 volunteers but these were not considered for further analysis because no count was recorded). Consecutive malaria episodes that occurred within 28 days were regarded as a relapse and counted as one infection.
Since blood-stage vaccines may act as disease-ameliorating rather than preventing infection itself; and because in a semi-immune population, submicroscopic blood-stage infections are common, the definition of malaria infection in this study was refined to ≥ 100 parasites/μ l blood by microscopy. One hundred parasites per μ L blood was regarded as the detection capability of a typical microscopist under general field conditions 26, 27 . This lower limit of detection for P. falciparum infection, is also regarded to have the sensitivity to detect symptomatic infections in non-immune individuals 29 . The total number of observed infection with ≥ 100 parasites/μ l during the period of March-November 2011 was 77.
Statistical analysis.
To analyse the threshold to define the category of antibody response to vaccination, the dataset consists of 84 children (66 BK-SE36 vaccinees and 18 placebo group). Geometric means (GMs) and 95% CIs of antibody titres were computed. These statistical analyses were performed using GraphPad Prism 6 (GraphPad Software; La Jolla, CA).
To analyse fold increase in antibody titres after natural infection (boosting), the dataset consist of 77 children. The 77 is selected from 132 volunteers (66 vaccinees, 16 placebo, 50 additional controls) who had at least one infection during the follow-up period. Multivariate linear regression was used to estimate GMs of the fold increase after the first infection according to response categories (responder, nonresponder and control), adjusting for the effect of age (6-10 or 11-60 years old), antibody titre levels before infection (< 52 or ≥ 52 units) and parasitemia during the first infection (< 5,000 and ≥ 5,000 parasites/μ l blood). The designated 52 units threshold for the aforementioned category represents the maximum antibody titer before first infection in responders. Parasitemia at 5,000 parasites/μ l is generally regarded as indicator of risk for clinical malaria in the study site 23 . The ratios of GMs and the 95% CIs between pairwise response categories were obtained. The significant difference among categories for each model variable was tested by F-test. In addition, the odds ratios of the 3.35-fold increase in antibody titre after the first infection for response categories were estimated with multivariate logistic regression adjusting for the same three factors. The 3.35 threshold represents the 75 th percentile for the antibody response after first infection in infected volunteers. The odds ratio of reinfection for response categories were estimated with multivariate logistic regression adjusting the effect of age, antibody titer levels after the first infection (based on median antibody titres) and parasitemia during the first infection. Statistical analyses were performed using SAS 9.3 (SAS Institute Inc., Cary, NC).
